The purpose of the study was to verify the hypothesis that there are doses of silver nanoparticles (ag-nps) that improve immune defence in chickens without compromising their health. To verify this hypothesis, an attempt was made to determine which doses of ag-nps (5 nm) consumed by chickens as a result of administration of hydrocolloids during varying time periods at a concentration of 5 or 10 mg ag/l stimulate immune defence. The experiment was performed on 296 chickens assigned to 3 treatments. chickens from the control treatment received drinking water without experimental additives. chickens from the T-5 and T-10 treatments received a hydrocolloid of ag-nps at a concentration of 5 mg/l (treatment T-5) or 10 mg/l (treatment T-10) from their second week of life. Blood for analysis was collected at the age of 42 days from 8 birds per treatment. ceruloplasmin (cp), leukocyte count (WBc), erythrocyte sedimentation rate (esr), interleukin il-6, immunoglobulins iga, igY, phagocytic cells (% pc), phagocytic index (pi), nitroblue tetrazolium reduction (nBT), and lysozyme content in the blood was determined. application of ag-nps at a concentration of 5 mg/l or 10 mg/l in the dose range of 2.87-12.25 mg/bird (administration of ag-nps in concentration 5 mg/l in weeks: 2; 2 and 3; 2 and 4; 2 and 5; 2 and 6 or concentration 10 mg/l in week 2) resulted in an immunostimulatory effect expressed as an increase in heterophil respiratory burst and an increased concentration of lysozyme. higher doses of ag-nps exerted a pro-inflammatory effect, as indicated by elevated levels of IL-6 and ceruloplasmin, as well as a high esr. They also stimulated B lymphocytes to produce iga and iga immunoglobulins.
tions in a building with regulated temperature and humidity. They had permanent access to drinking water and received complete compound feeds ad libitum (Table 1). The nutritional value of the feeds was adjusted to meet the requirements of practical feeding of broiler chickens in Poland. The nutritional value of the basal diets was calculated according to the Polish Feedstuff Analysis Tables (Smulikowska and Rutkowski, 2005) . The experiment was performed on 296 (128 × 2 + 40) chickens, with day-old chicks assigned to three treatments. The experimental design and doses of Ag-NPs administered to the chickens are presented in Figure 1 and Table 2 . The control treatment (C) consisted of 40 chickens (10 chickens in each of 4 pens). Chickens from the control treatment received drinking water without experimental additives. Chickens from the T-5 and T-10 treatments, initially 128 in each treatment, received a hydrocolloid of Ag-NPs at a concentration of 5 mg/l (treatment T-5) or 10 mg/l (treatment T-10) from their second week of life. The chickens in the T-5 and T-10 treatments received Ag-NPs as follows: 1 cycle × 7 days (week 2); 2 cycles × 7 days (weeks 2 and 3; weeks 2 and 4; weeks 2 and 5; or weeks 2 and 6); 3 cycles × 7 days (weeks 2, 3 and 4; weeks 2, 3 and 5; weeks 2, 3 and 6; weeks 2, 4 and 5; weeks 2, 4 and 6; or weeks 2, 5 and 6); 4 cycles × 7 days (weeks 2, 3, 4 and 5; weeks 2, 3, 4 and 6; weeks 2, 3, 5 and 6 or weeks 2, 4, 5 and 6); and 5 cycles × 7 days (weeks 2, 3, 4, 5, and 6). At the end of the experiment, the body weight of chickens was monitored. At 42 days of age, blood samples were collected from 8 birds per treatment. After slaughter (at 42 days of age), the spleen, thymus, and bursa of Fabricius were collected from 8 birds per treatment for organosomatic evaluation. The organosomatic index was calculated by the following formula: [Weight of organ (g)/Body weight (g)] × 100. laboratory analysis Blood for analysis was collected into test tubes with an anticoagulant (heparin) from the wing vein of chickens at the age of 42 days (from 8 birds per treatment). For analysis in plasma, the blood samples were centrifuged at 3,000 g for 10 min. Leukocyte count (WBC) in the blood was determined in an Abacus Junior Vet haematology analyser (Diatron, Hungary). The Wintrobe method was used to determine the erythrocyte sedimentation rate (ESR), i.e. the rate at which erythrocytes settle out of unclotted blood in one hour (Bomski, 1995) . Ceruloplasmin in the blood plasma (Cp) was determined by the p-phenylenediamine colorimetric method according to Sunderman and Nomoto (1970) . The immunological analyses involved determination of phagocytic activity of leukocytes against the Staphylococcus aureus 209P strain, expressed as the percentage of phagocytic cells (% PC) and phagocytic index (PI) (Siwicki et al., 1994) . The respiratory burst activity of the heterophils was quantified by nitroblue tetrazolium reduction (NBT) to formazan as a measurement of production of oxygen radicals (Park et al., 1968) . Immunoglobulins IgA and IgY and interleukin IL-6 in the blood were determined in an ELISA reader using assays from Elabscience Biotechnology Co., Ltd. Lysozyme activity was determined by the turbidimetric method (Siwicki and Anderson, 1993) .
statistical analysis
To compare the control treatment with the experimental treatments (Ag-NPs), the data were subjected to a studentized t-test procedure (one-way analysis of variance). In a model without the control (C), two-way ANOVA was performed to examine the main effects: C -effect of Ag-NP concentration (5 and 10 mg/l), T -effect of time (five variants of cyclical administration as described above), and the interaction between these two factors (C×T). If the analysis revealed a significant interaction (P≤0.05), the differences between treatments were then determined by the NewmanKeuls post hoc test at P≤0.05. The statistical analysis was performed according to the GLM procedure in Statistica 8.0 PL software (StatSoft Corp., Kraków, Poland) . Treatment effects were considered to be significant at P≤0.05. All data were expressed as mean values with pooled SE. Student's t-test was used to compare the slopes of the regression equations.
results
The experimental treatments, i.e. periodic per os administration of a hydrocolloid of Ag nanoparticles, and the mean total intake of Ag-NPs by chickens are presented in Table 2 . In the T-5 chickens, the doses ranged from 2.87 to 31.87 mg/bird depending on the time of administration of Ag-NPs, while the T-10 chickens received AgNPs in a range of 5.75-63.74 mg/bird. effect of concentration of silver nanoparticles As the concentration of Ag in the hydrocolloid of silver nanoparticles increased, the levels of IgA and IgY increased in the plasma of the chickens (P=0.032 and P=0.003, respectively) ( Table 5) . 
effect of application time of silver nanoparticles
The chickens from the 1×7, 2×7, 3×7 and 4×7 treatments attained similar body weights at 42 days of age; only the 5×7 treatment led to a lower body weight in the chickens in this treatment as compared to the most of treatments (Table 3) .
As the length of administration of Ag-NPs increased (thereby increasing the intake of Ag-NPs), the ESR, IL-6 and Cp activity in the blood increased as well (P=0.002, P=0.004 and P=0.003, respectively) ( Table 4 ). In the treatments in which the intake of Ag-NPs was higher than 12.25 mg/bird, the increases in ESR and IL-6 in the blood were expressed by linear regression equations with very high or high coefficients of determination: R 2 = 0.951 and R 2 = 0.726, respectively (Table 7 , Figure 2). Furthermore, a statistical interaction of C×T was observed for ESR, IL-6 and Cp, as the higher concentration of silver (T-10) applied in doses higher than 12.25 mg/bird increased the value of these parameters ( Table 4) . As the length of administration of Ag-NPs increased, the content of IgA and IgY increased in the blood (P<0.0001 and P=0.37, respectively), while NBT and lysozyme activity decreased (P=0.004 and P=0.001, respectively) ( Table 5 ). In the treatments in which the intake of Ag-NPs was higher than 12.25 mg/bird, the increase in the content of IgA and IgY was also expressed by regression equations with high coefficients of determination (R 2 = 0.603 and R 2 = 0.545, respectively) (Table 7, Figure 2 ). As the time of administration of Ag-NPs increased, the weight of the lymphoid organs, i.e. the thymus and the bursa of Fabricius, decreased (P=0.047 and P=0.019, respectively) ( Table 6 ). When Ag-NPs enter the body they encounter lymphoid cells, especially tissue macrophages, and dendritic cells, with which they may interact. Due to such interactions, it is likely that the Ag-NPs will exert an immunotropic effect during their application (Luo et al., 2015) . The results of the study showed that the two concentrations of Ag-NPs (5 and 10 mg/l) administered periodically influenced humoral immunity (increased levels of immunoglobulins and interleukin 6). Due to their quantity and functions, heterophils are the most important peripheral blood phagocytes in chickens (called blood microphages). However, unlike neutrophils (the equivalent of heterophils in mammals), their antimicrobial activity is associated more with oxygen-independent mechanisms than with oxygen-dependent processes (Ognik and Sembratowicz, 2012; Sembratowicz et al., 2004; Harmon, 1998) . The literature does not provide the results of studies on the effect of oral administration of Ag-NPs to chickens on non-specific immune mechanisms. The results of the analysis of indicators of the phagocytic activity of peripheral blood leukocytes in the chickens indicated that they were not affected by the experimental treatments. On the other hand, the study found that administration of Ag-NPs at doses from 2.87 to 12.25 mg/bird resulted in an increase in lysozyme activity and the bactericidal activity of heterophils measured in the NBT reduction assay. The increase in the number of cells reducing NBT may be indicative of the stimulatory effect of small doses of Ag-NPs on heterophils and may suggest the increased capacity of heterophils for respiratory burst and production of superoxide radicals. Once ingested by macrophages, the nanoparticles are enclosed in phagosomes, which chronically stimulates them to respiratory burst, leading to their NETosis. As a result, the nanoparticles are released and become available for other phagocytes, thus enabling their long-term recirculation in the body. It is likely that many mature forms of heterophils die as a result of NP-induced NETosis, and the new immature cells may not be fully competent (Javanovic and Palic, 2012) . During the formation of a heterophil extracellular trap (HET), consisting of nuclear chromatin and a number of biocidal proteins (Bartneck et al., 2010; Chuammitri, 2009) , degranulation of granulocytes and monocytes and the release of enzymes contained in them, such as lysozyme, may occur as well. This may also explain the increased level of this enzyme in the blood of the chickens. Our study also showed that doses greater than 12.25 mg/bird reduced the activity of lysozyme and the NBT value. In vitro studies performed on murine macrophage lines and in vivo studies on laboratory animals have shown that heterophils, which are phagocytic macrophages, ingest metal nanoparticles, which may induce a suppressive effect of these nanoparticles. Nanoparticles ingested by heterophils may also cause a decrease in the quantity of reactive oxygen species produced by macrophages and in the production of pro-inflammatory cytokines. Bancos et al. (2014) report strong (over 50%) inhibition of the phagocytic ability of macrophages by gold nanoparticles that have accumulated in these cells.
Stimulation of non-specific immune mechanisms may also be manifested as an enhanced pro-inflammatory response. This is a local or systemic reaction to a harmful agent, not necessarily an infectious agent. We analysed the inflammatory action of Ag-NPs by measuring ESR, ceruloplasmin (Cp) activity, and the interleukin 6 (IL-6) level. The results of the experiment indicate that administration of Ag-NPs at doses not exceeding 12.25 mg/bird did not induce an inflammatory response and therefore was well tolerated by the chickens. However, the application of Ag-NPs in longer cycles that resulted in the intake of higher doses than 12.25 mg/bird increased ESR, IL-6 and Cp activity in the blood of the chickens. Our study also showed that Ag-NPs at a concentration of 10 mg/L increased the IL-6 level more than the 5 mg/l concentration. These results indicate that, irrespective of the concentration of AgNPs, doses higher than 12.25 mg/bird may have a pro-inflammatory effect. In the acute phase of the inflammatory response, there is an increase in the concentration of pro-inflammatory cytokines (TNFα, IL-6, IL stimulating synthesis of acute phase proteins, i.e. C-reactive protein, ceruloplasmin, plasminogen, and haptoglobin, whose function is to restore homeostasis) (Polińska et al., 2009) . Changes in the proportions of individual serum proteins during inflammation (an increase in globulins and fibrinogen and a decrease in albumin) result in an increase in the sedimentation rate. The available literature contains no reports on the effect of metal nanoparticles on the concentration of acute phase proteins, but Ag-NPs have been shown to stimulate the production of pro-inflammatory cytokines and reactive oxygen species (Lee et al., 2012; Yen et al., 2009; Ognik et al., 2018) . The increased level of pro-inflammatory cytokines may be a measure of the immunomodulatory effect of nanoparticles, but also a measure of their immunotoxicity.
The literature provides few studies on the effect of silver nanoparticles on B lymphocyte proliferation and immunoglobulin production (Luo et al., 2015) . Nonphagocytic cells were once thought not to be susceptible to the effects of nanoparticles. However, this is refuted by research by Joseph et al. (2013) , who found that Au-NPs increased proliferation of B lymphocytes. Our study showed higher IgA and IgY content in the blood of chickens receiving Ag-NPs at a concentration of 10 mg/l than in chickens receiving 5 mg/l during an identical period. In addition, irrespective of the concentration used, extension of the application time of Ag-NPs (resulting in doses higher than 12.25 mg/bird) increased the IgA and IgY content in the blood of the chickens. Sharma et al. (2017) , in a study using a murine B-lymphocyte cell line, demonstrated that nanometals can affect these cells by stimulating the signalling pathway associated with transcription factor NF-κB, resulting in increased production of antibodies. The results of our experiment indicate the stimulatory effect of longer application (higher doses of silver nanoparticles) on IgA and IgY concentrations. It is worth noting that B-cell stimulation may be directly or indirectly influenced by cytokines released from macrophages or other phagocytes. The most important cytokine responsible for B cell activation is interleukin IL-6, also known as B-cell stimulatory factor-2 (Dinant and Dijkmans, 1999). As changes in immunoglobulin concentrations were correlated with increased IL-6 levels, the increase in immunoglobulins could be due to stimulation of phagocytes.
In the present study, extending the administration time (thereby increasing the silver intake) of Ag-NPs at concentrations of both 5 mg/l and 10 mg/l decreased the weight of lymphoid organs. After intravenous administration, nanoparticles get distributed to the colon, lungs, bone marrow, liver, spleen, and the lymphatics (Hagens et al., 2007) . Accumulation of silver nanoparticles in organs affects their weight and biological functions. The liver is the main site of distribution and metabolism of gold nanoparticles, irrespective of the means of administration, and thus this organ is highly susceptible to their harmful effects (Balasubramanian et al., 2010; Cho et al., 2009) . The results of a study by Ognik et al. (2016 b) found no negative effect of silver nanoparticles on the size and macroscopic appearance of the liver and other internal organs of chickens. The available literature contains few data on the effect of silver nanoparticles on carcass parameters of birds, but in a study by Ahmadi et al. (2013) a significant increase in the weight of the liver and the small intestine was observed in broilers that had received feed enriched with silver nanoparticles, while the weight of the heart, stomach and pancreas did not differ significantly from the control. According to the authors, the increase in the size of the liver may have been linked to the accumulation of silver nanoparticles in this organ; following absorption into the bloodstream it is known to penetrate various organs, particularly the liver and kidneys (Savolainen et al., 2010) . Ahmadi and Rahimi (2011) found silver levels of about 0.1 mg/kg in the edible parts of broilers, such as the breast, thigh and liver.
To sum up, the results of our research provide useful information on the potential use of silver nanoparticles in chicken diets, but given the possible adverse effects of silver nanoparticles, it is crucial to choose the correct dose and duration of its administration. Oral application of Ag-NPs to chickens modified their biochemical and immunological blood parameters, but the effect depended mainly on the dose, which was a function of the time of administration of the silver nanoparticles.
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